Background--Early risk stratification after primary percutaneous coronary intervention (PPCI) for ST-segment-elevation myocardial infarction is currently challenging. Identification of a low-risk group may improve triage of patients to alternative clinical pathways and support early hospital discharge. Our aim was to assess whether the index of microcirculatory resistance (IMR) at the time of PPCI can identify patients at low risk of early major cardiac complications and to compare its performance against guideline-recommended risk scores.
T he incidence of major in-hospital complications following ST-segment-elevation myocardial infarction (STEMI) after primary percutaneous coronary intervention (PPCI) has decreased dramatically but remains at %10%.
1,2 Following PPCI, patients are routinely admitted to coronary intensive care units (ICUs) for close monitoring and usually remain in the hospital for up to 72 hours, independent of their progress and clinical status, because few validated early risk-stratification tools exist to risk-stratify these patients. Improved methods of identifying risk may have important implications for clinical management, for example, in terms of intensity of monitoring and duration of admission. 3, 4 The
American College of Cardiology/American Heart Association and European Society of Cardiology guidelines suggest that PPCI patients with a "low risk of complications" might be candidates for non-ICU admission 5 and early discharge. 2 They recommend the Primary Angioplasty in Myocardial Infarction II (PAMI-II) and Zwolle PPCI score as tools to potentially identify low-risk patients. 2 Guidewire-based measurement of coronary flow and pressure is safe 6 and easily conducted at the time of PPCI. The thermodilution-derived index of microcirculatory resistance (IMR) is a specific, quantitative, and reproducible measure of microvascular function, 7, 8 which predicts infarct size and left ventricular ejection fraction after an acute myocardial infarction. [9] [10] [11] Moreover, an IMR value >40, measured at the time of PPCI, is associated with adverse long-term outcomes in terms of death and rehospitalization for heart failure. 12 It is unknown whether IMR allows identification of in-hospital cardiac complications such as cardiac death, cardiogenic shock, pulmonary edema, malignant arrhythmias, or cardiac rupture and thus can be used as a tool to identify those at high risk early after PPCI. The aims of this study were to assess the relationship between IMR measured immediately after PPCI and incidence of early cardiac complications and to compare the diagnostic performance of IMR against the guideline-recommended PAMI-II and Zwolle scores.
Methods Patient Population and Acute Management
Patients presenting with an acute STEMI and referred for PPCI to the Oxford Heart Centre were prospectively assessed for enrollment in the study (Figure 1 ). STEMI was defined as ongoing chest pain and ST-segment elevation on the ECG. Exclusion criteria were safety or clinical concerns based on the operator's judgment, including PCI-related complications.
PPCI was performed in the standard manner, according to international guidelines. All patients were on dual antiplatelet treatment at the time of the procedure, loaded with aspirin 300 mg and either clopidogrel 600 mg or ticagrelor 180 mg. Anticoagulation was achieved with unfractionated heparin (70-to 100-U/kg bolus followed by subsequent doses to maintain a target activated clotting time of 250-300 seconds during the procedure) in combination with abciximab (0.25-mg/kg bolus AE0.125-lg/kg per minute intravenous infusion for 12 hours) or bivalirudin (0.75-mg/kg bolus followed by an infusion of 1.75 mg/kg per minute for up to 3 hours) with bail-out abciximab. Thrombus aspiration was undertaken at the operator's discretion. The coronary physiology measurements were performed at the end of the procedure, as described in the next section.
Thereafter, all patients were admitted to a high-intensitymonitoring bed with a nurse:patient ratio of 1:1 or 1:2, staff certified in critical care, and the ability to provide advanced hemodynamic monitoring and life-sustaining mechanical cardiorespiratory support. Dual antiplatelet therapy for 12 months, angiotensin-converting enzyme inhibitor or angiotensin receptor II antagonist, beta-blocker, and statin were recommended, according to the current guidelines.
The study population was recruited as part of the Ox-AMI (Oxford Study in Acute Myocardial Infarction) cohort (REC no. 10/H0408/24). [13] [14] [15] [16] Witnessed verbal assent was obtained from eligible patients after coronary reperfusion in the cardiac catheterization laboratory, and written informed consent was obtained on the ICU, in accordance with the principles of the Declaration of Helsinki.
Coronary Physiology Measurements
The coronary physiology indices were measured immediately at the end of the emergency coronary intervention, as described previously. 13 In brief, a combined pressure-and temperaturesensitive guidewire was calibrated outside the body, equalized with aortic pressure at the ostium of the guide catheter, and then advanced to the distal infarct-related artery. 
Clinical Perspective
What Is New?
• Measurement of the index of microcirculatory resistance at the end of primary percutaneous coronary intervention for ST-segment-elevation myocardial infarction predicts major in-hospital cardiac complications and outperforms current risk stratification scores.
What Are the Clinical Implications?
• The index of microcirculatory resistance provides an objective method of risk-stratifying patients immediately after angioplasty who may be allocated to a low-risk group associated with potentially reduced need for intensive care unit admission, shorter hospital stay, and reduced hospital costs.
hyperemic transit time, and fractional flow reserve was defined as the mean distal pressure divided by the mean proximal pressure during maximal hyperemia.
Clinical End Point and Follow-up
Major cardiac complications were defined as the following events after completion of the PPCI and at any time within 30 days: cardiac death (including sudden death), cardiogenic shock (prolonged hypotension with systolic blood pressure <90 mm Hg and signs of organ hypoperfusion requiring treatment), documented pulmonary edema (evidence of pulmonary congestion on chest radiographs, requirement for administration of intravenous diuretics, and impaired left ventricular function with ejection fraction ≤45% on transthoracic echocardiography), malignant ventricular tachycardia (ventricular fibrillation or sustained ventricular tachycardia requiring immediate defibrillation or cardioversion, respectively), malignant bradyarrhythmia (requiring administration of atropine or isoprenaline, and/or pacing), cardiac wall rupture, and intraventricular thrombus (revealed by echocardiography and/or cardiac magnetic resonance scan). Data from 30-day clinical follow-up were collected by either telephone interview or office visit. All staff collating the outcome data was blinded to the coronary physiology data. One patient was lost to 30-day follow-up after an uneventful hospital discharge on day 3 and emigration at 10 days after PPCI, resulting in a total follow-up rate of 99.6%. 
Guideline-Recommended Risk Scores
According to the PAMI-II criteria, low-risk patients are aged <70 years with a left ventricular ejection fraction >45%, 1-or 2-vessel disease, successful PCI (<50% residual stenosis and TIMI [Thrombolysis in Myocardial Infarction] flow grade ≥2 or 3), and no persistent arrhythmias. 17 The Zwolle score defines STEMI patients as low risk if they have ≤3 of 16 points based on Killip class, postprocedural TIMI flow, age <60 years, ischemic time <4 hours, and absence of 3-vessel disease or anterior myocardial infarction 18 (Table S1 ).
In the present study, experienced operators assessed preand postprocedural TIMI flow at angiography. Transthoracic echocardiography to obtain left ventricular function was performed before discharge by operators who were blinded to the coronary physiology indices.
Angiographic area at risk was assessed by the BARI (Bypass Angioplasty Revascularization Investigation) jeopardy score, as described previously. 13 
Statistical Analysis
Continuous variables are reported as meanAESD or median and interquartile range, as appropriate. Frequencies are given as absolute values and percentages. Normally distributed continuous variables (age, creatinine, heart rate, stent diameter) were compared using the unpaired t test. The Mann-Whitney U test was used to compare continuous variables that were not normally distributed. Comparisons between frequencies were performed using v 2 statistics or the Fisher exact test. KaplanMeier methodology and the associated log-rank test were performed to determine the differences in 30-day major cardiac complication-free survival between the high and low IMR groups. The area derived from receiver operating characteristic curves was used to assess the performance of coronary physiology indices (IMR and CFR), and the previously validated PAMI-II and Zwolle scores were used to predict early major cardiac complications. The DeLong methodology 19 was chosen to compare the performance of the individual tests. All tests were 2-sided, and a P<0.05 was accepted as statistically significant. DeLong analysis was performed on MedCalc 16.4.1. All other statistical analyses were performed using SPSS version 22.0 (IBM Corp).
Results

Baseline Characteristics
A total of 261 patients presenting with STEMI for PPCI were prospectively enrolled in 3 sequential periods between October 2010 and December 2015 ( Figure 1 ). The average age was 61.4 years, and 209 patients (80.0%) were male ( (Figure 2 ). The individual complications are shown in Table 2 . In patients with an adverse event, the IMR value was between 65 and 171 (median: 98.2; interquartile range: 87.2-114.8). As visualized on the receiver operating characteristic curve in Figure 2 , an IMR cutoff value of 40 provides a sufficient safety margin before losing sensitivity of 100%. CFR stratified by a value of 2 and PAMI-II >0 achieved lower sensitivity (94.1% and 88.2%, respectively) and specificity (26.6% and 45.5%, respectively) compared with IMR >40 to identify patients developing an early complication (Figure 2 ). The sensitivity of the Zwolle score stratified by a value of 3 to predict a composite end point was lowest at 26.5%. The plots of continuous IMR, CFR, and PAMI-II and Zwolle scores against major cardiac complications are reported in Figure S1 .
Outcome and Patient Characteristics Stratified by an IMR Value of 40
The percentage of patients free of major cardiac complications over time for the 2 IMR groups in a per-patient analysis is shown in Figure 3 (log-rank, P<0.001), with a divergence of the curves solely during the early course. Patients in the high-IMR group were characterized by older average age, more frequent history of smoking, more frequently impaired postprocedural TIMI flow, lower CFR, higher fractional flow reserve, and more frequently positive PAMI-II score (Table 1) . Ischemic time, preprocedural TIMI flow, culprit vessel, BARI jeopardy score, and implanted stent volume did not significantly differ between the high-and low-IMR groups. Clinical characteristics at the time of discharge revealed that infarct size measured by troponin was larger, left ventricular ejection fraction was more often impaired, and more patients stayed in hospital longer than the median of 3 days in the high-IMR group than in the low-IMR group (Table 3) .
Discussion
This study demonstrates that IMR measured at the time of PPCI for STEMI can independently select patients at very low risk of in-hospital cardiac complications and outperforms current guideline-recommended risk scores. These novel findings suggest that measuring IMR following PPCI may identify patients who could be triaged for less intensive nursing care and early discharge.
Risk Scores as Predictors of Early Major Cardiac Complications
The risk stratification of patients with an acute myocardial infarction has been a longstanding clinical challenge.
3,21
Current international guidelines suggest that PPCI patients with a "low-risk of complications" might be candidates for non-ICU admission 5 and early discharge 2 and mention the PAMI-II and Zwolle scores as useful risk-stratification tools. In our cohort, the PAMI-II criteria identified 43% of patients as low risk but, importantly, misclassified 12% who developed a major cardiac complication during the hospital stay (AUC: 0.71). A Zwolle score ≤3 identified 79% as low-risk candidates, but more than two-thirds of in-hospital complications subsequently occurred in this group (AUC: 0.72).
17,18
Patients developing heart failure and ventricular arrhythmia after an acute myocardial infarction are discrete groups 22 :
Acute severe heart failure, cardiac rupture, and intraventricular thrombus occur after extensive myocardial damage. Lifethreatening ventricular arrhythmia during the early postinfarct phase in apparently stable patients is associated with ongoing ischemia, 23, 24 making such adverse events difficult to predict.
Ischemia may occur as a consequence of microvascular injury, despite restoring the flow in the epicardial coronary artery. 25 Angiographic parameters such as the TIMI flow grade (which is incorporated in the PAMI-II and Zwolle scores) and myocardial blush grade were widely accepted as semiquantitative measures of microvascular perfusion; however, it has become increasingly evident that angiographic perfusion characteristics alone do not reliably predict the occurrence of microvascular dysfunction. [26] [27] [28] Moreover, angiographic assessment of left ventricular ejection fraction at the time of PPCI (which is incorporated in the PAMI-II score) cannot differentiate between reversible stunning and irreversibly damaged myocardium, and the latter carries a higher risk for poor outcome. These limitations of angiographic assessment may in part account for the poor performance of the PAMI-II and Zwolle risk scores in predicting early major cardiac complications.
Microvascular Indices as Predictors of Early Major Cardiac Complications
IMR is an objective and specific index to assess the microcirculation, which can easily and safely be measured at the time of PPCI. 7, 8 The strength of IMR is not only in predicting myocardial recovery, final infarct size, and left ventricular ejection fraction, [9] [10] [11] which are related to subsequent heart failure, but also in predicting the presence of microvascular dysfunction, 10, 11 which is itself associated with early life-threatening ventricular arrhythmias. 29 In our cohort, the lowest IMR value in a patient who developed an adverse event was 65. A cutoff value %64 would offer the highest specificity while still maintaining sensitivity of 100%. We appreciate that a cutoff value of 40 is rather conservative; however, misclassifying a patient may have important clinical consequences. To provide a clinical safety margin, we adopted the previously validated IMR threshold of 40 (which confers longer term prognostic value such as death and rehospitalization for heart failure 12 ) and defined 159 of the 261 STEMI patients (61%) as low risk, allowing correct prediction of all 22 major cardiac complications in our sample. The lower predictive value of CFR compared with IMR for early major cardiac complications was mainly driven by low specificity (26.6%) and low positive predictive value (8.2%). This maybe explained by the influence of hemodynamic factors, such as heart rate and blood pressure on CFR, 8 which have less impact on IMR. Furthermore, CFR is unable to distinguish between the contribution of epicardial and microvascular beds to total resistance. 7 A prior study investigated whether microvascular dysfunction predicts in-hospital cardiac complications. 30 This study was limited to anterior acute myocardial infarction and used Doppler wire technology. Cardiac death or ventricular rupture occurred in 16 of the 169 patients and was reported only in the group with microvascular dysfunction. In that study, all types of ventricular tachyarrhythmia (including benign reperfusion arrhythmias and nonsustained ventricular tachycardia) and "protocol-defined" heart failure (including any type of dyspnea or Killip class >1) were reported more frequently in the group with severe microvascular dysfunction. These findings are in line with our results, but our study extends these observations to all territories, focuses on clinically relevant complications, and uses more accessible technology to measure microvascular dysfunction. Furthermore, our study extends the original report of the utility of IMR measured at PPCI to identify a high-risk group. 12 In that study, the adverse outcomes of patients with an IMR >40 continued to be poorer, with ongoing separation of the Kaplan-Meier curves out to 3-year follow-up, but no analysis of the early time point was conducted. We suggest that a significant number of adverse events occur very early in that group and may be a target for closer monitoring and treatment while allowing those with very low early risk to be triaged.
Clinical Implications
IMR <40 following PPCI predicts uneventful in-hospital recovery, providing a basis to investigate whether this low-risk group may be safely managed in a lower monitoring environment. This information is available at the time of completing the PPCI and may apply to %60% of STEMI patients, based on our cohort, and would have major implications on the ICU admission rate. 31 In addition, this approach may improve patient experience 32 and shorten the overall hospital stay by facilitating early discharge, with consequent reduction in hospital costs. 17, 18 Furthermore, those patients with an IMR >40 represent a group at very high risk of early in-hospital complications and may benefit from even more intensive monitoring.
Limitations
Several limitations must be taken into account when interpreting our results. First, this is a single-center observational cohort study. Nevertheless, our cohort of 261 compares well in size with the original study reporting the long-term prognostic value of IMR in 253 patients. 12 Second, the 6.5% rate of in-hospital major cardiac complications in our study is lower than reported in registry data. Coronary physiology measurements were undertaken if there were no safety or clinical concerns, and that causes a selection bias toward lower risk patients. The rate of in-hospital cardiac complications in the 78 patients without coronary physiology measurements was 14.1% (cardiac death, 2.6%; cardiogenic shock, 1.3%; pulmonary edema, 5.1%; malignant ventricular tachyarrhythmia, 5.1%; malignant bradyarrhythmia, 2.6%; intraventricular thrombus, 1.3%). Sixteen of these patients (20.5%) were hemodynamically unstable following PPCI and would have been judged as high risk at the outset. In 13 patients (16.6%), IMR could not be calculated because of nonmeasurable transit times. A detailed list of excluded patients is available in Figure 1 . These limitations do not allow generalization to all STEMI patients; however, they may strengthen the potential value of our findings because IMR reliably identified the low-risk patients in an already preselected lowest risk group. A comprehensive analysis in a clinical prospective all-comers cohort is needed, but clinician recognition that the patient is too sick for this assessment appears in itself to be an important marker of risk. The safety, feasibility, efficacy, and economic analysis of using IMR obtained at the time of PPCI to allow very early identification of high-and low-risk patients and the subsequent implications for where and how they are managed based on an IMR strategy requires prospective validation.
Conclusion
Coronary guidewire-based assessment of IMR immediately at the end of PPCI for STEMI reliably predicted early cardiac complications and outperformed current guideline-recommended strategies in terms of risk stratification. These novel findings provide evidence to test IMR as a tool to identify lowrisk patients, who may not require admission to an ICU and are candidates for early discharge, and high-risk patients, who may need more intensive treatment.
